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ABSTRACT
Recent analyses of Gaia data have provided direct evidence that most young stel-
lar clusters are in a state of expansion, with velocities of the order of ∼ 0.5 km s−1.
Traditionally, expanding young clusters have been pictured as entities that became
unbound due to the lack of gravitational binding once the gas from the parental cloud
that formed the cluster has been expelled by the stellar radiation of the massive stars
in the cluster. In the present contribution we used radiation-magnetohydrodynamic
numerical simulations of molecular cloud formation and evolution to understand how
stellar clusters form and disperse. We found that the ionising feedback from the new-
born massive stars expels the gas from the collapse centre, flipping-up the gravitational
potential as a consequence of the mass removal from the inside-out. Since neither the
parental clouds, nor the formed shells are distributed symmetrically around the H II
region, net forces pulling out the stars are present, accelerating them towards the edges
of the cavity. We call this mechanism “gravitational feedback”, in which the gravity
from the expelled gas appears to be the crucial mechanism producing unbound clusters
that expand away from their formation centre in an accelerated way in young stellar
clusters. This mechanism naturally explains the ”Hubble flow-like” expansion observed
in several young clusters.
Key words: stars: formation –H II regions –ISM: clouds – methods: magnetohydro-
dynamics
1 INTRODUCTION
In almost any direction with significant H I 21 cm emission,
the interstellar medium exhibits cavities in the gas. They can
be easily detected as shell or ring-like structures in emission-
line maps tracing either neutral atomic (e.g., Wade 1957;
Hartmann & Burton 1997, see also Fig. 1), ionised (optical
Hα, e.g, Madsen et al. 2006) or molecular hydrogen (through
CO emission or infrared dust emission, for instance; e.g.,
Maddalena & Morris 1987; Lang et al. 2000). These systems
have been systematically identified as expanding structures
produced by a combination of radiative and mechanical feed-
back effects from massive stars, such as ionising radiation,
? E-mail: mzamora@inaoep.mx
winds, supernovae explosions, or collisions with high-velocity
clouds (Tenorio-Tagle & Bodenheimer 1988).
Recently, Kounkel et al. (2018) and Kuhn et al. (2019)
analysed proper motions from Gaia-DR2 of young stellar
clusters, and concluded that at least 75% are expanding sys-
tems, with the most statistically significant expanding cases
were λ−Ori in the first work, and NGC 6530 and Cep B in
the second. These cases exhibit “Hubble flow-like” expan-
sion signatures, i.e., larger velocities far from the centre of
the bubble. Roma´n-Zu´n˜iga et al. (2019) showed that Hu-
bble-like expansion of young stellar groups can be observed
at the scales of star forming complexes (102-103 pc).
The particular case of λ-Ori (see Fig. 1) is quite inte-
resting. This region is located at the northwest end of the
Orion Complex at a distance of 400±20 pc (Mathieu, 2008;
Kounkel et al., 2018) It shows a very symmetric ring-like
© 2019 The Authors
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Figure 1. A 12 µm image of the Orion Complex from the Wide-
field Infrared Survey Explorer (WISE) Full-sky High-resolution
Atlas of Dust Emission (WSSA; Meisner & Finkbeiner 2014). The
map reveals the structure of bubbles in the Orion Complex, which
is particularly clear in λ-Ori. As a reference, an angular size of 1◦
corresponds to ∼7 pc (assuming a distance of 400 pc to the Orion
MC complex).
structure1 of gas and dust with a radius of ∼20 pc that
includes a central cluster (Collinder 69) with an age between
∼5 Myr (e.g, Murdin & Penston 1977; Lang et al. 2000) and
10 Myr (Bell et al. 2013) and several younger stellar regions
(B30, B35, LDN1588 and LDN1603) near the external ring.
For the central cluster, the projected velocity vectors tend
clearly to point away from the centre of the ring (see Fig.
2).
Two scenarios have been proposed for the formation and
expansion of this region. One of them, presented by Mad-
dalena & Morris (1987), associates the expansion to transfer
of momentum from the H II region of λ-Ori. The other one,
by Cunha & Smith (1996), assumes that the λ-Ori ring is a
supernova remnant that formed the structure and disrupted
the cluster. Although this scenario is frequently quoted in
the literature as the mechanism that could have produced
this region, there is no substantial evidence of the SN pro-
genitor. Some candidates have been proposed and discarded,
e.g. the Geminga pulsar, (Pellizza et al. 2005), or the γ-ray
1 Although the morphology of λ-Ori could be more complicated
(Lee et al. 2015), the symmetric ring is “by eye” the more promi-
nent structure.
pulsar J0357+3205, (Kirichenko et al. 2014). The SN conjec-
ture and its consequences for the past and future evolution of
λ-Ori has been explored by Dolan & Mathieu (2001, 2002)
who propose a progenitor of 30-40 M and the explosion
event at about 1 Myr ago, coinciding with the halt of star
formation.
By combining parallaxes and proper motions from Gaia-
DR2 (Gaia Collaboration et al. 2016, 2018) with radial veloc-
ities from the APOGEE-YSO survey (Zasowski et al. 2017),
kinematic members of the clusters B30, B35 and Collinder
69, were identified, revealing the projected motion of stars
in λ-Ori with exquisite detail (Kounkel et al. 2018). In the
left panel of Fig. 2 we overplot a map of dust infrared emis-
sion in this region (Schlegel et al. 1998) along with proper
motions of kinematic members. The right panel of the same
figure shows the median value of the velocity2 as a function
of the distance to a centre defined by the position of the
λ-Ori star. As can be seen, proper motions not only tend to
point outwards, but the magnitude of the projected veloc-
ities is clearly larger for the stars that are located further
away from the centre of the cluster. This behaviour is con-
sistent with the “free expanding” clusters reported by Kuhn
et al. (2019).
A possible scenario for understanding the kinematical
characteristics of the stellar cluster shown in Fig. 2 could
be one in which the cluster is formed with a given veloc-
ity dispersion, and becomes unbound once the gas is evac-
uated from the centre. In this case, the stars with larger
velocities reach larger distances. For λ−Ori, if its stars have
been flying apart from the centre at a constant velocity,
the ages of the stars in the periphery should be close to
τ ∼ 20 pc/6 km s−1∼3 Myr.3 This number is smaller than
the estimated ages of about ∼ 5− 10 Myr for the central λ-Ori
cluster (e.g., Murdin & Penston 1977; Bell et al. 2013), and
thus, it cannot be considered that these stars were formed in
the central cluster. On the other hand, it is more likely that
the stars in the periphery were formed in the already ex-
panding shell. Indeed, the ages of the B30 and B35 regions
are about ∼2-3 Myr (Mathieu 2008; Barrado et al. 2018),
and thus, these stars could be formed when the shell was
half of the size, and thus the stars will inherit the velocity
of their parent clump.
An alternative mechanism for the velocity structure pre-
senting “Hubble-like” flows, which has being unforeseen in
the literature is the possibility that the removal of mass
due to the expansion of the H II region not only removes the
gravitational potential, as has being studied previously (e.g.,
Smith et al. 2013; Farias et al. 2018), but it actually flips it
up, generating a cusp at the position of the H II region, and
moving away the potential well to the outside. This reversal
of the gravitational field shape will add an outward acceler-
ation to the stars in the clusters.
Motivated, thus, by the morphological and kinematical
2 The velocity values reported in this plot are only lower limits,
since it has not been taken into account the perspective effects,
i.e., the contribution of the positive radial velocity of the cluster
in lowering of the proper motions.
3 We assume that the velocity vectors estimated in Fig. 2 for
the periphery are underestimated by a ∼1 km/sec, due to the
perspective effects of a receding cluster, provided the distance to
the region (400 pc) and the recession velocity (∼20 km s−1).
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Figure 2. Left: Dust emission map of the λ-Ori region (Schlegel et al. 1998) in which we have overplotted the velocity vectors of the stars
deduced by proper motions from the GAIA-DR2 survey. Right: Median value of the proper motion modulus as a function of the distance
from the λ-Ori star. We estimate these velocities from the median proper motion modulus assuming a distance of 400 pc (Kounkel et al.
2017). Error bars represent the first and third quartiles of the bin.
features of λ−Ori, and in order to understand the dynamics
of young stellar clusters, in this contribution we analyse a
numerical simulation, which follows the evolution of a mag-
netised molecular cloud from its creation from a compressed
warm neutral medium, to its destruction by ionising feed-
back from massive stars. We find that the gravitational po-
tential of the expelled gas (powered by ionisation feedback)
is crucial to unbound the central clusters. In §2 we describe
the numerical method. In §3 we present our results, describ-
ing the gravitational acceleration experienced by the stellar
particles in the simulations. In §4 we discuss our results, and
in §5 we summarise our main conclusions.
2 NUMERICAL METHODS
We analysed a numerical radiation-magnetohydrodynamic
simulation presented by Zamora-Avile´s et al. (2009; see also
Zamora-Avile´s et al. 2018), carried out with the the Eu-
lerian adaptive mesh refinement code FLASH (v2.5; Fryxell
et al. 2000) which was aimed at studying the structure and
expansion laws of H II regions evolving in highly structured
and collapsing MCs. This simulation includes the more rele-
vant physical processes for cloud formation and evolution,
such as self-gravity, magnetic fields, heating and cooling,
sink formation, and ionising feedback.
The MC is formed by two warm neutral streams collid-
ing at the centre of the numerical box. The compressed layer
is cold due to a phase transition triggered by the thermal
instability. At the same time, the inflows inject the charac-
teristic turbulence observed in MCs through some dynami-
cal instabilities (see, e.g., Heitsch et al. 2006). As the cold
layer continues accreting material from the inflows, it in-
creases its mass and column density, allowing the formation
of molecular gas, and eventually the entire cloud enters in
a state of global hierarchical collapse, in which the smaller
scales collapse first due to their shortest free-fall times (e.g.,
Va´zquez-Semadeni et al. 2019). Once massive stars appear
in our highly structured clouds, their ionising radiation gen-
erate over-pressured H II regions that push away the dense
gas, thus disrupting the more massive collapse centres and
regulating the star formation activity.
The warm, neutral streams are cylindrical, each with
32 pc in radius and 112 pc in length along the x-direction,
containing warm gas in thermal equilibrium with density
n0 = 2 cm−3 and temperature T0 = 1450 K. These streams
are completely contained in a numerical box of size 256 pc
in the x-axis and 128 pc in the y-, z-axes. The streams collide
at a transonic velocity of ∼ 7.5 km s−1. We impose a back-
ground turbulent velocity field (with Mach number of 0.7,
subsonic in the warm gas) in order to trigger the dynamical
instabilities in the shocked layer. The magnetic field is ini-
tially uniform along the x-direction with a strength of 3 µG.
This corresponds to an initial mass-to-flux ratio of 1.5 times
the critical value, and thus the cloud is magnetically super-
critical as a whole.
The star formation process is modeled by dynamically
refining in regions of high density and once we reach the
maximum level of refinement allowed, a sink particle can
be formed if the density in this cell exceeds a threshold
number density, nthr ' 4.2× 106 cm−3, among other standard
sink-formation tests (Federrath et al. 2010). Once the sink
is formed, it can increase its mass via accretion from their
surroundings. Given the size of our numerical box and the
maximum resolution we can achieve (' 0.03 pc), the sink
particles rapidly reach hundreds of solar masses via accre-
tion, and therefore we must not treat them as single stars
but rather as a group or a small cluster of stars. Since the
MNRAS 000, 1–10 (2019)
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Figure 3. Column density maps for three different times (13, 16 and 19 Myr) showing face-on and edge-on views (upper and lower
panels respectively). The coloured stars represent the projected position of the sink particles related with the H II region we are analysing
(other sinks are marked as black dots). The projections correspond to the 70 pc central sub-box.
UV radiation flux will be dominated by the most massive
star in the cluster, a standard, Kroupa (2001)-type initial
mass function is assumed for each sink, in order to esti-
mate the mass of the most massive star that the sink can
host. Thus, the sink radiates according to this flux, which
it is estimated from zero-age main sequence models at solar
metallicity (Paxton 2004).
Finally, the heating and cooling rates are estimated by
breaking them into heating and cooling processes associ-
ated with ionisation of hydrogen atoms and the other ther-
mal and chemical processes. For the former, the photoion-
isation heating rate is calculated by solving the radiative
transfer equation (Rijkhorst et al. 2006; Peters et al. 2010),
whereas for the cooling we consider ions-electrons collisions
as the main mechanism for energy loss (see, e.g., Dalgarno
& McCray 1972). On the other hand, for heating and cool-
ing that are not directly due to ionisation, we use analytic
fits by Koyama & Inutsuka (2000, 2002), which take into
account heating by cosmic rays and cooling due to atomic
and molecular lines and atomic and molecular collisions with
dust, among others (see also Wolfire et al. 1995). The MHD
and the heating/cooling terms are coupled through opera-
tor splitting in the energy conservation equation as source
terms. For further information about the numerical model
we refer the reader to Rijkhorst et al. (2006); Peters et al.
(2010); Zamora-Avile´s et al. (2018, 2019).
3 RESULTS
To illustrate the evolution of the simulated cloud, in Fig. 3
we show face-on (upper panels) and edge-on (lower panels)
views of our simulated cloud, at three different times: 13
Myr (left panels), 16 Myr (middle panels) and 19 Myr (right
panels).4 The colour code denotes column density. Sinks in
the expanding cluster, which will be analysed in more detail
below, are drawn as coloured stars. Sinks that are outside the
cluster are denoted with black dots. This figure shows the
complex nature of the filamentary structure produced by the
interplay of the non-homogeneous colliding flows that have
suffered a phase transition and are already collapsing in a
highly non-linear velocity field. In the evolutionary sequence
(see the supplementary movie) it is interesting to notice that
roughly 1 Myr after the first sink starts to radiate, the sink
particles get an outward acceleration. This is specially true
for sink 3 (red star), which at the beginning of the simulation
is falling into the centre of the region, moving toward lower
4 These times refer to the total evolution of the simulation. How-
ever, it is worth noting that our cloud span a considerable frac-
tion of its evolution in a cold-neutral phase (Va´zquez-Semadeni
et al. 2018) and it eventually become gravitationally unstable and
starts forming stars at roughly the same time (∼12 Myr). At this
point the cloud may also be considered as molecular (as proposed
by Hartmann et al. 2001).
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Figure 4. Face-on column density maps of the simulated cloud at t =12, 13.4, 16 and 18.4 Myr (panels 1-4). As in Fig. 3, the coloured
stars represent the projected position of the sink particles. The arrows in panel 4 denote the projected velocity vectors (for reference, the
1 km s−1 vector is shown in the upper-right corner of the same panel). Panels below each column density map show profiles (along the
x–direction) of the corresponding total gravitational potential (gas + sinks) in the frame of reference of each sink. See the evolution of
this figure in a supplementary movie.
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values of the y (vertical) axis in the map, and changes its
movement towards larger values of the x (horizontal) axis.
In order to understand more deeply the nature of the
motions of the sink particles, Fig. 4 shows a set of four
double-plots panels, at times 12, 13.4, 16, and 18.4 Myr. In
each panel, the upper map shows the face-on column map
of our cloud, while the plot below shows cuts of the total
gravitational potential (due to gas and sinks) along the hor-
izontal axis, at the (y, z) position of each sink in the map
(in other words, each x cut of the gravitational potential is
made at the (y, z) position of its corresponding sink.
In the upper left panel, we can see the morphology of
the cloud when it has formed only the very first massive sink
(with a mass of ∼ 36 M), at t = 12 Myr. At this moment,
the cloud is falling into the centre of the box. From the
corresponding gravitational field plot, it can be seen that the
total gravitational potential has a minimum at the position
of the sink, but also that it has some substructure, with a
few other maxima and minima.
In the upper right map, at t = 13.4 Myr, 5 sink particles
have already formed with masses above a few times 10 M
each. It is important to remember that each sink continues
accreting mass as the simulation evolves. At this moment,
they are relatively close to each other. Although it is not
noticed in the map, the supplementary movie shows that,
at this very moment, sink 3, for instance, is still falling in,
while the expanding H II region produced by sink 1 starts to
blow-out the gas of the region. In the corresponding grav-
itational potential plot (upper-right panel), furthermore, it
can be noticed that sinks 1 (black) and 4 (green) are not
anymore in the minimum of the gravitational potential. In-
stead, the minimum is located elsewhere, and they are start-
ing to change their direction of motion due to gravitational
feedback produced by the mass that is continuously being
redistributed.
At later times, sink 3 is moving rightwards at larger
velocities. This can be seen in the lower panels of Fig. 4. In
fact, from the supplementary movie, it can be noticed that
at earlier times, the sinks were originally approaching each
other, but in the time lapse between 13.4 and 15.5 Myr,
once enough mass is removed from the centre, they start
flying apart from each-other. Since sinks only respond to the
total gravitational field and conserve momentum from the
surroundings when they accrete, the expansion of the cluster
of sinks cannot be due to other effect than the gravitational
field of the cloud, and thus, they should be getting a net
acceleration from the outside.
From the lower panels of Fig. 4 we notice that sinks
1–5 are not in the deeper region of the gravitational field,
since it has moved to the right. These 5 sinks are in a large-
scale gradient of the gravitational field, feeling a net force
to the right. Those sinks that were originally moving to the
left (sinks 1,2,4), are already suffering a deceleration, while
sinks that were moving originally to the right (sinks 3 and
5) continue increasing their velocity.
In Fig. 5 we show, as a function of time, the magni-
tude of the velocity vector, in the frame of the simulation
(upper panel), and the distance from each sink to the po-
sition where the first sink was born (lower panel). We note
three different stages in the evolution of the sinks (see upper
panel of Fig. 5). In the first stage, after a sink is created, its
3D velocity strongly oscillates. All our 7 sinks transit this
Figure 5. Evolution of the velocity magnitude of each sink (top
panel) and distance of each sink to the region centre (lower panel).
For each sink, the starting time (zero age) is denoted by a right-
pointing triangle symbol, the time at which the accretion stops
by a left-pointing triangle symbol, and the final time of the sim-
ulation is indicated by a star symbol. Note that each sink is rep-
resented with a different colour according to Figs. 3 and 4. Each
point corresponds to a single timestep in the simulation.
phase. These changes in the velocities are a numerical effect,
corresponding to the accretion phase: as has been shown in
different numerical simulations, accretion flows are not nec-
essarily symmetric, neither continuous (Smith et al. 2011;
Ballesteros-Paredes et al. 2015; Kuznetsova et al. 2015).
They are intermittent, and occur preferentially through fila-
ments. In the same figure, the left-pointing triangle symbols
denote the moment when the accretion into the sink has
stopped, i.e., when the gas in the vicinity of the sink has
been blown out by the H II region.
The second stage, experimented by sinks 1–5, consists
of an acceleration process. In some cases, this process is fast
(sinks 2, 4), moderate (sinks 1, 3), or slow (sink 5). The
physical reason is the one we depicted before: the “floor”
of the gravitational potential changes, and the sinks transit
from been in the local potential well, to be in a hillside of
the potential cusp, for a substantial time in the evolution.
This is the period in which the sinks acquire their expansion
velocity. Finally, in the third stage, the acceleration changes.
Three of the sinks (1, 2, 4) exhibit a period of deceleration,
while sink 3 keeps accelerating, although at a lower rate.
Sinks 6 and 7 never reach the 2nd or third stages, and sink 5
never reaches stage 3.
The reason for the sinks to be accelerated, regardless its
MNRAS 000, 1–10 (2019)
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rate of acceleration, is the same: the asymmetric mass dis-
tribution of the parental cloud makes a larger gravitational
well on the right hand side of the H II region compared to
the left hand side. Thus, sinks moving to the left (1, 2 and
4) feel a force that opposes to their direction of motion,
and thus decelerate, while sinks 3 and 5 feel a force in the
same direction. Such acceleration and deceleration are seen
in the supplementary movie related to Fig. 4 and they are
produced since the expansion centre of the H II region (and
the associated cluster) is not at the centre of the molecular
cloud and thus the global gravitational potential centre is
elsewhere.
The case of sinks 6 and 7 deserves special attention: they
are located in a sort of “pillars” produced by the expanding
H II region. These pillars are also being pushed away by the
overpressure of the H II region. However, sinks 6 and 7 never
decouple from their pillar. This means that, as the pillar is
pushed away, its local gravity pulls the sink it hosts, which
results in a net outward acceleration of the stellar particles.
Thus, while some of the sinks are pulled away by the
overall gravitational field, other sinks are pulled by their
local gravitational field, as they have not get rid of their
parental clump.
In the lower panel of Fig. 5, the initially decreasing,
and lately increasing distances between sinks 1–5 at their
first stages of life, shows us that these sinks transit from a
phase of contraction to a phase of expansion. Such change
in their position is clearly seen in the supplementary movie
associated to Fig. 4, and emphasises the importance of the
evolving gravitational potential, which moves its well from
the innermost part of the cluster, to the external part.
In the left panel of Fig. 6 (see also the supplementary
animation of this plot) we show the mass history of the sinks.
The symbols in these plots are the same as those in Fig. 5.
As can be seen, the sinks rapidly increase their mass, and
then, they stop accreting. This is because the H II region
expands and swipes away all the dense gas. Additionally, we
notice that the initial velocity oscillations discussed in Fig. 5
correspond to the epoch of accretion. In the right panel we
plot the actual x velocity (vsim,x), against the velocity the-
oretically expected from the gradient of the gravitational
potential of the gas (∇φgas), acting as if the potential was
constant during the time interval between dumps of the sim-
ulation (∆t), i.e., vteo ≡ v0+∇φgas ∆t. In this case, if the veloc-
ity of the sinks were only defined by the gravitational field of
the gas, and if the field evolved slowly enough to be consid-
ered constant during ∆t, sinks would have to move along the
identity line. As can be seen, during the first stages of the
existence of the sinks, the numerical and predicted veloci-
ties are different. As mentioned above, during this period of
time, asymmetric accretion modifies the momentum of the
sinks strongly. However, it is worth noticing that as soon as
the accretion stops, all but sinks 6 and 7 move (and they
have to) along the identity line, reinforcing the idea com-
mented before that the strong changes in velocity seen in
Fig. 5 are due to momentum imprint from asymmetrical ac-
cretion, which in turn is due to the limited resolution of the
simulation.
Again, the cases of sinks 6 and 7 are worth mentioning
independently. These sinks are created at a later time in the
simulation, at the cusps of pillars created by the expansion of
the H II region, and they move along with the pillar. In these
two cases, the predicted-vs-numerical velocity curve (right
panel in Fig.6) does not follow the identity line. Instead,
they jump from one value to another. The initial phase can
be attributed to the asymmetric accretion/resolution issue
mentioned above. However, this behaviour continues even
after the accretion stops. This second effect is numerical:
the variation of the gravitational potential in these places is
quite fast, and we calculated the predicted velocity (x−axis
in Fig. 6) using data-dumps that were spaced 0.1 Myr in
time, much larger than the typical variation in time of the
gravitational potential of the pillar. As a consequence, by
taking the acceleration at a given time, ∇φgas(t) to be the
typical acceleration of the whole period of time ∆t, we have
made a crude estimate of the actual mean acceleration dur-
ing the same period of time. This produces the observed lack
of correspondence between the numerical and the predicted
velocities of those sinks.
Even though the resulting numerical value of the veloc-
ity of sinks 6 and 7 is not precise, what is important in this
case is that the sink moves with the velocity of the gas, and
the gas itself is gravitationally pulling the sink with it. This
suggests that clusters like B30 or B35, which are located in
the cusps of pillars in λ-Ori, might be moving along with
their own pillar, and might have been pulled by the gravity
of the pillar itself. If the evolution of clusters embedded in
gas pillars is directly linked to the evolution of the pillars
themselves, then this puts some additional interest to some
systems. For instance, the DR15 cluster in Cygnus-X is sus-
pected to have a relatively slow gas dispersal respect to the
evolution of its young stellar members in the absence of a
massive star (Rivera-Ga´lvez et al. 2015). This case contrasts
with massive member hosting clusters like NGC 3603, whose
pillars appear to suffer strong photoevaporation (Westmo-
quette et al. 2013); it will be important to know what is the
contribution of the internal kinematics of the cluster-pillar
system that adds to the feedback contribution from massive
members and erosion from external radiation. We plan to
study this in a further contribution.
4 DISCUSSION: A COMPREHENSIVE
SCENARIO FOR THE FORMATION AND
EVOLUTION OF YOUNG CLUSTERS.
Although the intention of the present contribution is not to
reproduce in detail the kinematical and morphological fea-
tures observed in λ-Ori, this region draw our attention to
analyse the possible relevance of the gravitational potential
once it is flipped-up as a consequence of the inside-out re-
moval of the dense gas by the H II region.
Giant molecular clouds (GMCs), the sites where stars
are born, are formed from large-scale flows (in the form of
spiral arms, expansion waves, or large-scale gravitational
instability producing converging flows of the atomic gas
clouds, see e.g., Dobbs et al. 2014, and references therein). In
either case, as the diffuse gas is compressed, it cools down,
undergoing thermal instability. As a result, the originally
diffuse, warm atomic gas at temperatures of several 103 K
cools down to a few times 10 K (Hennebelle & Pe´rault 1999;
Heitsch et al. 2006; Va´zquez-Semadeni et al. 2007). As the
gas becomes more dense and opaque to the dissociating UV
radiation, it also turns into the molecular phase. As a result,
MNRAS 000, 1–10 (2019)
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Figure 6. Left: Mass evolution of each sink. Right: x velocity (vsim,x ) measured directly from the simulation vs. the x velocity calculated
from the local gradient of the gravitational potential of the gas (vteo,x ). The symbols meaning is the same as in Fig. 5. See an animation
of this figure in the supplementary material.
the compressed region, which we now call molecular cloud,
becomes rapidly gravitationally unstable and collapses to
form stars within a few million years (Hartmann et al. 2001).
All this process may accumulate enough mass to form not
one or a few, but hundreds or thousands of stars in compact
stellar clusters.
Numerical simulations have shown that the first gener-
ation of massive stars formed in a GMC could in principle
disperse out a significant fraction of their parental gas, lim-
iting the amount of gas available for star formation to about
a few percent of the mass of the cloud (Dobbs et al. 2014).
Different studies have focused on the identity and survival of
newborn stellar clusters as the gravitational potential of the
gas that formed them is lost (due to the feedback of the mas-
sive stars). The actual fate of the newborn stellar clusters
strongly depends on when, and how rapidly, the gas in the
parental cloud is lost (Smith et al. 2013; Farias et al. 2018).
The prescription for the gas removal has been modeled nu-
merically with relative success, first, by imposing an artifi-
cial gravitational potential, instead of one that is consistent
with the distribution of mass of the parental cloud. Second,
and probably more important, by either assuming that the
potential vanishes instantaneously (Farias et al. 2018), or
preserves its original shape, but it gently lowers its depth in
an arbitrary timescale (Smith et al. 2013). As a result, none
of these prescriptions account for the fact that the mass of
the expelled gas (which is actually larger by a factor of at
≥ 3, given the efficiencies) removes in a continuous way the
central potential well while it is creating or enhancing new
local wells outside, such that the newly born clusters will be
gravitationally pulled away, towards the edges of the bubble.
In other words, most of the mass of the cloud is not disap-
pearing in an arbitrary way, but it is instead being moved
at a finite velocity, from the central collapsing regions to the
periphery.
The present contribution shows that the transport of
mass from the inside of the core to the outside of the H II
region may have a significant gravitational influence on the
dynamics and kinematics of the cluster. The bottom of the
potential well at the centre of the cluster transitions from
having a valley at the time of the cluster formation, to hav-
ing a cusp or peak by the time the shell is formed around
the H II cavity. As the fraction of mass that it is converted
into stars in a GMC is small (Lada & Lada 2003), it can
then be expected that the gravitational pull from the out-
side might be important and the kinematics of the clusters
could be substantially affected in non-symmetric configu-
rations. This mechanism can be expected given the fractal
nature of clouds (e.g., Scalo 1990; Falgarone et al. 1991).
Our simulations show that, indeed, this is the case, and
that some sort of gravitational feedback occurs in expanding
H II regions: the dense gas is expelled by the H II region, and
the stars are then pulled out by the gravitational field of the
gas. This effect occurs mainly in two different ways: either
the stellar cluster is seated on the hillside of the flipped-up
gravitational field (sinks 1–5), or it is seated in the local
potential well of a dense pillar which is anyway pulled away
(sinks 6, 7).
Although we have only few (7) sinks which, given their
masses, they should be interpreted as small stellar clusters
(5 within the H II region and 2 on the pillars). The nature
of the gravitational feedback imprinted by the gas on these
few groups of stars is asymmetric, since each sink is pulled-
out in a different direction. Interestingly, Gaia DR2 results
reported by Wright et al. (2019) found an asymmetrical ex-
pansion of the NGC 6530 cluster in the Lagoon Nebula. They
discuss how non-symmetrical residual gas expulsion via feed-
back is normally modelled as symmetrical, which is not in
agreement with their observations. Our simulations, thus,
are consistent with an scenario where non-symmetrical gas
expulsion can lead to an also non-symmetrical expansion of
the cluster, and thus, are also consistent with the observa-
tions reported by Wright et al. (2019).
As we mentioned before, our simulated clouds consist
of a network of highly structured and not homogeneous fil-
aments that naturally forms by converging flows and that
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eventually enters in a state of global hierarchical collapse.
Thus, the cloud inherit part of their kinematics to the sinks
(sub-clusters) and once the first massive sinks begin to radi-
ate, the dense gas around the cluster expands also in an non
homogeneous way imprinting thus a net force to the sinks.
4.1 Limitations
As commented in §2, the initial conditions are two converg-
ing streams of diffuse gas. As a consequence, our cloud is
flattened, and thus, a natural source of concern could be
whether the particular geometry of our simulation plays a
role enhancing the relevance of the external gravitational
field.
A detailed analysis of different configurations and the
frequency of this effect is scope of an forthcoming contribu-
tion. Here, we want to stress the possibility that the gravi-
tational feedback pulling out the stars can play a role, and
that it is a mechanism that needs to be reviewed in detail.
In any event, regarding geometry, we believe it is im-
portant to note that indeed, the initial conditions of our
simulation is highly idealised. However, the simulated cloud
is not that unrealistic: the compressed sheet is a ∼10 pc wide,
50 pc long filament when it is seen edge-on, typical values of
the dimensions of MCs. It is not clear whether the observed
filamentary nature of MCs is a consequence of clouds been
a network of inhomogeneous sheets, some of them intersect-
ing to each other, some others seen edge-on, and whether
those are actual filaments. For instance, the Musca cloud
has a sheet-like morphology viewed edge-on (Tritsis & Tas-
sis 2018). Similarly, recent kinematic study of the B213 fil-
ament in Taurus suggests that it can also be the dense part
of a sheet produced by a large-scale compression (Shimajiri
et al. 2019).
Besides the fact that clouds are far from being spher-
ical, stellar clusters hardly appear at their centre. On the
contrary, they frequently appear at the tips or edges, or
forming roughly at the same time on the densest parts of
irregular clouds (as in the Rosette MC; e.g., Ybarra et al.
2013), probably as a consequence of gravitational focusing
of regions with low curvature radius (Hartmann & Burkert
2007; Kuznetsova et al. 2017). Thus, our idealised configu-
ration may play a role, as well as any other configuration,
and thus, this has to be addressed by means of analysing
different simulations.
In addition, the numerical simulations presented have
some limitations that are worth mentioning:
• Due to the limited resolution of the simulation at small
scales, accretion events tend to be more massive and inter-
mittent than what they could be in nature, and we have
shown that this imprints strong changes of momentum over
the sink. Thus, the numerical velocity cannot be taken at
face value when the sinks are still accreting gas from their
surroundings.
• Also, in actual star forming regions, although asymmet-
ric accretion flows might be present, they not necessarily
reach the star; instead, they might create density enhance-
ments around its vicinity. Such features have just started
to be observed recently with high resolution observations
from the Atacama Large Millimeter/submillimeter Array
(ALMA; Tokuda et al. 2018).
• On the other hand, due to numerical limitations, we
cannot resolve the fate of individual stars that composes
the clusters, and then, detailed kinematics of each group
cannot be followed. Further numerical simulations should
be performed in this regard.
• Finally, although we demonstrate that the ionising feed-
back is able to produce a 20 pc bubble, still it is necessary
to quantify the effects of other kinds of feedback, e.g., ra-
diation pressure, winds, supernovae explosions, etc. Clearly,
all of these mechanisms can affect the evolution of the dy-
namics of gas, and it will be necessary to perform detailed
calculations in order to really understand the nature and
relevance of the “gravitational feedback”.
5 SUMMARY AND CONCLUDING REMARKS
We present a simple but novel mechanism that could im-
print substantial dynamical effects on the stars in young
stellar clusters. Our work was motivated by the morphology
and kinematics of the λ-Ori star forming complex, and uses
numerical simulations to study the complete evolution of
massive star-forming molecular clouds. The clouds form by
compressions in the warm neutral medium and via accretion
they eventually acquire enough mass to enter in a state of
global hierarchical collapse. When massive stars appear, they
start ionising and dispersing the parental cloud. We study
the dynamical effects of the gravitational potential of the
expanding gas on the sink particles, which represent stellar
clusters.
Our results show that in order to understand the present
dynamics of young stellar clusters, it is important to con-
sider the evolution of a realistic gravitational potential in
which the mass of the parent cloud is considered. Simple
prescriptions for the molecular cloud gravitational potential
diminishing its relevance in time will not capture the essence
of this mechanism, since the redistribution of the mass in an
inherently asymmetric way from the inner parts of the core
to the outside is not taken into account.
We find that clouds in global hierarchical collapse can
reproduce the dynamics of observed expanding young stellar
clusters. In this framework, our model shows that while the
stars might be falling into the gravitational potential in the
early stages of formation, once massive stars start emitting
ionising radiation, an expanding bubble is generated, mov-
ing the internal mass outside the bubble, and flipping-up
the gravitational potential well. This imprints an outward
acceleration to the sinks, which experiment a “Hubble-like”
expansion due to the attraction of this well.
We have shown for first time that the dispersal of Galac-
tic stellar clusters can be triggered by the change in the
gravitational potential well, which is dominated by the mass
of the cloud. This mechanism has not been considered be-
fore, mainly because in previous, more simplified models,
the gravitational potential was assumed only to disappear,
and thus, it was assumed not to do an additional work in
pulling out the stars.
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